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ABSTRACT

Photovoltaic devices based on perovskite materials are constantly progressing towards more
applicability in large-area panels. In order for perovskite-based photovoltaics to reach reliable and
stable commercialization, common issues with the use of perovskite still need to be resolved,
including the need to identify fabrication processes that can yield optimal material parameters for
better photovoltaic performance. Defining an optimal fabrication process requires that researchers
and manufacturers alike come to an agreement regarding perovskite characteristics that result from
device operation and material processing. This work focuses on characterizing physical, electrical,
and electronic properties of a FAxCs1-xPb(IyBr1-y)3 perovskite, and how some of these properties
may be affected by changes in a thermal annealing process that follows material deposition. This
work serves to build a foundation in potentially identifying a proper annealing process that results
in perovskite material that isn’t degraded into secondary components nor of a non-uniform grain
structure. Electrical characterization is performed via Hall effect in order to observe any changes
in material resistivity. Perovskite surface properties, including layer roughness and size of grains,
are observed through scanning electron microscopy (SEM) and atomic force microscopy (AFM).
Elemental composition / atomic ratios and deep-level electronic characterization is performed
through X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS),
respectively. Included in XAS characterization are X-ray absorption near-edge spectroscopy
(XANES) and extended X-ray absorption fine structure (EXAFS) observations of core-level lead
(Pb) and bromine (Br) atoms.
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1. INTRODUCTION

Since the foundations of the solar cell were theoretically defined in 1950, renewable energy
production within solar cells and modules has continuously improved in design functionality and
power conversion efficiency. The widespread extent of this energy production can be easily seen
by the installed solar modules atop residency roofs and the large solar arrays found at power plants.
The core design of the solar cell is a p-n junction, and its core function is the absorption of
incoming photons from the sun, resulting in the generation of an electron-hole pair. Ideally, these
pairs of charge carriers separate and travel, either by a present electric field and / or diffusion, to
opposite ends of the device. Once reaching the end regions of the device, the charge carriers are
collected by metallic strips, the busbar being a major charge collector rail, and contribute to a total
photocurrent that can be drawn from in order to power a load connected to the ends of the solar
device. [1]
Current semiconductor materials found in some of today’s most commercialized solarpowered devices include silicon and cadmium telluride. Since 2006, there has been a large focus
on using the perovskite semiconductor material into modern photovoltaic devices. Due to its
favorable electrical properties, including a tunable bandgap, low parasitic absorption, and intrinsic
behavior for both holes and electrons, there is expected to be a continuing improvement in the
current commercialization of solar modules based on perovskite. [2-11] Earliest research efforts
largely focused on methylammonium lead iodide (MAPbI3) as the main material to process into a
functioning solar cell, but a substitution from MA to formamidinium (FA) was found to result in
a material with more optimal properties. [12] Further research realized that introducing cesium
(Cs) into a mixed compound with FA, in addition with mixed halides, results in improved material-
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phase and thermal stability. [13-14] By using perovskite material as the bulk of a single-junction
solar cell, power conversion efficiencies of up to 25.2% have been achieved thus far. [15] As
further breakthroughs in the performance of single- and multi-junction perovskite solar cells are
being made, research is maintaining a focus on further improvement in the processing and
deposition methods of the material. [3,8,16-17]

2

2. PROBLEM

Continued progress in commercializing perovskite photovoltaics requires the converging
agreement between researchers and manufacturers in regards to defining optimal processing and
layering methods of all solar cell materials, and device characteristics during and outside of
operation. [18] Achieving this converging agreement requires that all parties active in the research
field understand perovskite characteristics not only during device operation, but also as a result of
any given processing method during fabrication. A converging understanding of perovskite
characteristics will help to determine the proper fabrication processes and additional material
parameter settings necessary for yielding the best-performing single-junction perovskite solar
cells. [3,10,19-20] In turn, further improvement of the performance of current tandem solar cells
partly based on perovskite material can be achieved.
Several material characteristics exist to be understood, including, but not limited to, grain
growth tendencies, electrical properties, wavelength absorption dependencies on material
thickness and composition, phase stability, and resistance to degrading factors such as heat and
moisture. In this study, a focus is placed on observing various properties of FAxCs1-xPb(IyBr1-y)3
perovskite, and how they may be affected by varying the time and temperature of a thermal
annealing process that immediately follows the deposition of the perovskite. [21] Thermal
annealing is a key factor in perovskite morphology, and therefore is a necessity to achieve material
crystallization. [22] Varying an annealing process affects perovskite lattice structure, grain growth,
and electronic trap density, especially at material surfaces and interfaces, and undesired results
include material degradation due to structure stress and expansion during film formation. [23-24]

3

The goal of this work is to map any differences in physical, electrical, and electronic
characteristics of perovskite that are a result of varying the post-deposition annealing process.
Characterizing these differences, if any, will build a foundation that future work can progressively
piece together in the future goal of designing an optimal fabrication process for FAxCs1-xPb(IyBr1y)3

perovskite. Physical characterization in this work includes, for varying perovskite samples,

surface roughness and topography, as well as surface imaging via scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Electrical resistivity, shallow-depth elemental
composition, and core-level X-ray absorption are observed via Hall effect, X-ray photoelectron
spectroscopy (XPS), and X-ray absorption spectroscopy (XAS), respectively.
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3. EXPERIMENTATION

3.1 Sample Preparation
All materials of the perovskite samples are based on the full solar cell design seen in Figure 3.1.1,
which is the device structure of completed solar cells that are tested via solar simulation and
external quantum efficiency in extended works. This work uses samples consistent of only the
following layers: glass / conductive fluorine-doped tin oxide (FTO) substrate (Sigma-Aldrich, ~7
Ω sq-1) , tin oxide electron transport layer (SnO2 ETL), and the perovskite material. Consistent
with Figure 3.1.1, all layers are fabricated in a planar structure. The glass / FTO substrate is 3 mm
in thickness, and were cut and prepped with two different areas as needed for characterization
methods: 2.54 × 3.81 cm, and 1.00 × 1.00 cm. Prior to any succeeding material deposition, each
substrate is initially scrubbed in a bath of deionized water (DI) to remove any residual
contaminants. This is followed by a three-step cleaning process in which each substrate is bathed
in a sonication environment for two minutes in acetone, followed by two minutes in methanol, and
then a final two minute sonication in DI within a Digital Ultrasonic Cleaner (Mophorn) at room
temperature. After the sonication bathing and drying with high-pressure N2 gas, the SnO2 ETL was
deposited across the surface of the substrate.

5

Figure 3.1.1: n-i-p configuration for perovskite-based solar cell

The SnO2 in this research is made through a solution processed, or sol-gel, recipe consisting of
urea (2.5 g), Sn(II)ClH2O (540 mg), hydrochloric acid (HCl) (2.5 mL), mercaptopropionic acid
(MPA) (50 µL), and DI (200 mL). For the 1 × 1 cm and 2.54 × 3.81 cm glass substrates,
respectively, 15 and 100 µL of the SnO2 solution is then deposited within a Spin Coater unit
(Laurell). The Spin Coater unit is operated for a 30 sec process at an acceleration of 200 RMP sec1

up to a maximum rotational speed of 3000 RPM. Thermal crystallization via annealing of the

SnO2 is a two-step low temperature process – 10 min at 100˚C, followed by a 1 hr, 180˚C annealing
– is performed on each substrate. Following the annealing of the monolayer of SnO2, a second
layer of SnO2 is applied via chemical bath deposition (CBD) within a solution made from the same
SnO2 recipe. The CBD lasts for 3 hr at a temperature of 70˚C, followed by 2 min sonication within
DI, a N2 drying, and finally a 1 hr annealing set at a temperature of 180˚C to further crystallize the
new SnO2 bilayer.
Deposition of the perovskite absorbing layer takes place within a glove box placed in
vacuum conditions with an ambient nitrogen (N2) environment. The perovskite, with molecular
6

structure ABX3, used in this work is composed as follows. The A-site is a mixed organic-inorganic
cation compound of formamidinium (FA) and cesium (Cs). Lead (Pb) is chosen as the sole element
in the B-site cation, and the X-site anion is a mixed halide composed of iodine (I2) and bromine
(Br). 15 and 100 µL of perovskite material is respectively deposited onto the 1 × 1 cm and 2.54 ×
3.81 cm substrates via a two-step spin-coating process within the vacuumed glove box. The first
step is a 10 sec process with a spinning maximum of 1000 RPM with a 1000 RPM sec-1
acceleration. The second step is a 35 sec process that accelerated at 2000 RPM sec-1 up to a 6000
RPM maximum. During the final 10 sec of the second step of this spin-coating process, 15 or 100
µL of chlorobenzene (CBZ) is drip-casted on top of the spinning sample. The former quantity is
drip-casted on the 1 × 1 cm substrate, and the latter on the 2.54 × 3.81 cm substrate. Once spincoating was complete, samples were separated to undergo annealing processes with varying time
and temperature. Throughout this work, samples are identified according to their individual
annealing process. Samples AI, AII, and AIII are all annealed at 100°C, but for durations of 60, 80,
100 min, respectively. Samples BI, BII, and BIII are all annealed at 120°C, but for durations of 60,
80, and 100 min, respectively. Similarly, samples CI, CII, and CIII are all annealed at 140°C, but
for durations of 60, 80, and 100 min, respectively.

3.2 Characterization Methods
Perovskite resistivity is measured via 4-point probing at 300 K by using a Hall Effect Measurement
System (Ecopia) and the HMS-3000 software. Inside the software, a thickness of 350 microns is
entered for the material sample, and a magnetic field of 0.55 T and maximum current of 5 mA is
applied. SEM characterization was performed on a Model S-4800 Field Emission Scanning
Electron Microscope (Hitachi). Input values of accelerating voltage and external beam current
7

were 10 kV and ~10 µA, respectively. SEM display is set to view a mix of upper and lower
secondary electron surface imaging. AFM takes place through a NX-20 Atomic Force Microscope
(Park Systems) with the use of a silicon nitride (SiN) non-contact-high-resolution cantilever, and
data is processed via the XEI software. The AFM imaging process uses a voltage intensity of ~3.5
V at a scan rate of 1.00 Hz, Z-slope of 0.00°, Z-setpoint settings ranging from ~5 – 10 nm, and
scanning dimensions of 2 × 2 cm and 5 × 5 cm. XPS experiments are carried out in an UHV
Multiprobe Surface Analysis System with base pressures < 2 × 10-9 Torr. The UHV system is
equpped with a hemispherical electron analyzer (SPECS, PHOIBOS 100) and a twin anode X-ray
source (SPECS, XR50). Al Kα (1487 eV) radiation is used at 15 kV and 30 mA. The angle between
the analyzer and X-ray source is 45˚ and photoelectrons were collected along the sample surface
normal. XPS data is processed in the SpecsLab data software. AFM and XPS experiments are
performed at Brookhaven National Laboratory’s (BNL) Center for Functional Nanomaterials.
XAS characterization is performed at the Quick X-ray Absorption and Scatting, 7-BM, beamline
at BNL’s National Synchrotron Light Source II. The beamline was used to perform X-ray
absorption fine structure (XAFS) in transmission mode to measure Pb L3- and Br K-edge activity
with respective applied X-ray energy ranges from ~12843 – 13413 eV and ~13274 – 14430 eV.
Incident X-rays were normal to the perovskite samples. Normalization of all data acquisition was
performed in the Athena software.
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4. DATA ANALYSIS

4.1 Hall Effect
In order to obtain accurate measurements of perovskite resistivity, thickness of the measured
material layer should be known; this is estimated to be ~350 µm. In addition, it was discovered
that a certain minimum applied current is required for measurements to converge to a relatively
consistent value. As shown in Figure 4.1.1, different current values were applied to a perovskite
sample from a range between 1 nA to 5 mA. Unlike measurements from an applied current of 1
nA, which varied by up to nine orders, convergence began occurring in consecutive measurements
with applied currents of at least 0.5 mA. At these greater applied currents, measurements would
fluctuate, if at all, in magnitude by only a single order. This is shown in Figure 4.1.2, which are
scatter plots of resistivity measurements on differently processed perovskite layers. Fortunately,
almost no fluctuating resistivity values were measured with an applied current of 5 mA.

9

Figure 4.1.1: Hall resistivity vs. increasing current until convergence occurs

(A)
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(B)

(C)
Figure 4.1.2: Hall resistivity vs. current for perovskite samples annealed at A) 100°C for 60, 80,
and 100 min, B) 120°C for 60 and 80 min, and C) 140°C for 60 and 100 min.
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Perovskite samples are labeled according to their respective annealing processes. Average
resistivity values were calculated for each individually measured sample, and is listed in Table
4.1.1. At an applied current of 1 mA, the average resistivity calculated for samples AI, AII, and BII
is ~2.09 × 10-4 Ω·cm. As expected, the fluctuating measurements observed at an applied current of
1 mA usually increased the average resistivity to values of 2.96 × 10-3, 5.31 × 10-4, or 3.42 × 10-3
Ω·cm, which are respective resistivities of samples AIII, BI, and CIII. For measurements made at an
applied current of 5 mA for all seven samples, there exists a slight range of average resistivities
between 2.05 × 10-4 and 2.20 × 10-4 Ω·cm. Based on this overall consistency in average resistivity,
it is expected that measurements with 1 mA of applied current should also provide a similar range
of resistivity values.

Table 4.1.1: Average Hall Resistivity
Sample ID

Annealing

AI
AII
AIII
BI
BII
CI
CIII

100°C 60 min
100°C 80 min
100°C 100 min
120°C 60 min
120°C 80 min
140°C 60 min
140°C 100 min

(1)
(2)

Average Resistivity(1)
(Ω·cm)
2.09 × 10-4
2.06 × 10-4
2.96 × 10-3
5.31 × 10-4
2.09 × 10-4
1.76 × 10-4
3.42 × 10-3

Average Resistivity(2)
(Ω·cm)
2.20 × 10-4
2.06 × 10-4
2.17 × 10-4
2.05 × 10-4
2.09 × 10-4
2.10 × 10-4
2.05 × 10-4

Average values calculated from measurements with applied current = 1.0 mA
Average values calculated from measurements with applied current = 5.0 mA

12

4.2 Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)
SEM surface imaging of perovskite samples were taken at different scales, mostly 2, 5, and 20
microns. Images at a 2 and 5 micron scale were used to identify any possible patterning in grain
formation. In addition, the 2 micron scaled imaging also partially served as a means to estimate
average grain lengths. Surface imaging at a 20, and occasionally 50, micron scale was performed
to observe more widespread non-crystallization and other notable defects. Figure 4.2.1 – 4.2.3 are
images of varying perovskite samples scaled to 2, 5, and 20 microns, respectively.

(A)

13

(B)

(C)
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(D)

(E)

15

(F)
Figure 4.2.1: SEM imaging on a 2-micron scale for perovskite samples annealed at: 100°C for A)
60 min and B) 100 min; 120°C for C) 60 min and D) 100 min; 140°C for E) 60 min and F) 100
min

(A)

16

(B)

(C)

17

(D)

(E)

18

(F)
Figure 4.2.2: SEM imaging on a 5-micron scale for perovskite samples annealed at: 100°C for A)
60 min and B) 100 min; 120°C for C) 60 min and D) 100 min; 140°C for E) 60 min and F) 100
min

(A)

19

(B)

(C)

20

(D)

(E)

21

(F)
Figure 4.2.3: SEM imaging on a 20-micron scale for perovskite samples annealed at: 100°C for
A) 60 min and B) 100 min; 120°C for C) 60 min and D) 100 min; 140°C for E) 60 min and F)
100 min

As seen in Figure 4.2.1A, sample AI is noted to mostly consist of the smallest measured
grain sizes, averaging in lengths of ~0.275 µm. These grains are mixed with larger grains and
clusters that are also present, resulting in a disorganized surface patterning. This mixture of varying
surface grain sizes contributes to defects and nonoptimal electrical performance for a solar cell.
The grain formation of sample AIII at a 2 micron scale, as shown in Figure 4.2.1B, shows less
material clustering and more consistent grain sizes, is preferred over what is observed in sample
AI. However, while Figure 4.2.1B shows favorable grain formation, there is an interesting
observation to be made for the same sample at a 20 and 50 micron view. Figure 4.2.3B and 4.2.4A
show what appears to be an unusual surface formation across a large portion of sample AIII – this
formation is made of visually brighter and darker material patterns. Upon observing the same
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sample at a 5 micron scale, shown in Figure 4.2.2B, the brighter colored material seems to be
amorphous grains that are either stacking on top of the underlying smaller grains, or clusters of the
perovskite sample that happen to be forming in the sand dune design. It is hypothesized that this
occurrence isn’t necessarily due to oxidation, which has been previously observed as a scattering
of bright particles across the material surface as shown in Figure 4.2.4C – 4.2.4D. Continued work
is expected to determine the exact cause of this material pattern formation.

(A)
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(B)

(C)
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(D)
Figure 4.2.4: SEM images showing perovskite surfaces with A) a mixed formation of either
small and patterned, or larger and amorphous grains, B) widespread non-crystallization, C)
largely spread oxidation, and D) relatively minimal oxidation

As listed in Table 4.2.1, it is observed that annealing the perovskite samples for both longer
periods of time and at higher temperatures can result in larger grain sizes. The grain formation
seen in Figure 4.2.1C for sample BI, although not as neatly structured as sample AIII, is mostly
consistent of grains with average lengths of ~0.32 µm. Figure 4.2.1E – 4.2.1F show the presence
of larger grains with average lengths estimated as ~0.67 µm for sample CI and ~0.73 µm for CIII.
It is interesting to observe a progressive change in grain formations over longer and hotter
annealing processes. Majority of perovskite grains in sample B I are smaller, and there is a more
notable mix of small and larger grains in CI, and finally there exist larger grains that make up the
majority of formed grains seen in CIII. Of course, just having larger grains does not necessarily
result in a material layer with a superior monocrystalline structure. Figure 4.2.2E – 4.2.2F show
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that while there are clearly defined grain boundaries across the perovskite sample, the material
surface forms together in a more multicrystalline structure than what is seen in sample BI.

Table 4.2.1: Average Perovskite Grain Lengths and Areas from Scanning Electron Microscopy
Sample ID

Annealing Process

AI
AIII
BI
CI
CIII

100°C 60 min
100°C 100 min
120°C 60 min
140°C 60 min
140°C 100 min

Average Majority(1)
Grain Length
(µm)
0.275
0.245
0.32
0.35
0.73

Average Minority(1)
Grain Length
(µm)
0.6
0.67
0.54

(1)

Average lengths are individually calculated for the different general minority and majority grain
sizes.

Surface properties of the perovskite samples are further observed through AFM
characterization. Samples that were annealed at either 100°C and 140°C for all varying time
durations were observed. In specific, AFM measurements were performed on perovskite samples
AI, AII, AIII, CI, CII, and CIII. The average Z-height differences in minima and maxima, as well as
varying average roughness, for each of these samples are listed in Table 4.2.2. Figure 4.2.5A –
4.2.5B are original scan images of perovskite sample AI, from which were used to determine its
respective aforementioned surface characteristics. These figures are respectively scanned at 2 and
5 micron scales. All other measured samples were characterized in this similar method. Different
types of roughness were observed: root-mean-squared roughness (Rq), average roughness (Ra), and
a ten-point roughness (Rz), the lattermost being an average of five maxima and five minima Zheight measurements located across a scanned surface area.
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(A)

(B)

27

(C)

(D)

28

(E)

29

(F)
Figure 4.2.5: AFM imaging of a perovskite sample annealed at 100°C for 60 min. A) 2×2 and B)
5×5 µm2 surface area without filtering. C) 2×2 and D) 5×5 µm2 surface area with an applied high
pass filtering to allow grain analysis. E) 2×2 and F) 5×5 µm2 surface area with grains boundaries
identified by XEI software.

As can be seen in Table 4.2.2, a slight pattern is noticed when analyzing the roughness and
Z-height for samples annealed at 140°C. The longer annealing durations of 80 and 100 min. at this
temperature resulted in characteristics that are lower than samples annealed at only 60 min. This
relationship between Z-height / roughness and annealing duration for samples CI, CII, and CIII is
observed at both the 2 and 5 micron scale of analysis, although more notable for the latter scale.
At a 5 micron scale, the average Z-height for samples CI, CII, and CIII are 211.327, 101.819, and
116.914 nm, respectively. Ra values for these same samples, in order, were measured to be 45.204,
20.559, and 22.790 nm. Interestingly, this same relationship isn’t present with the samples
annealed at 100°C, but rather the opposite is observed only when analyzing data from the 5 micron
30

scale. Z-height averages for samples AI, AII, and AIII are 166.730, 177.705, and 204.462 nm,
respectively. Ra values for these samples are, respectively, 27.724, 33.084, and 41.922 nm.

Table 4.2.2: Average Z-Height and Surface Roughness from Atomic Force Microscopy
Sample ID

Annealing

AI

100°C 60 min

AII

100°C 80 min

AIII

100°C 100 min

CI

140°C 60 min

CII

140°C 80 min

CIII

140°C 100 min

Scan Area
(µm2)
(2×2)
(5×5)
(2×2)
(5×5)
(2×2)
(5×5)
(2×2)
(5×5)
(2×2)
(5×5)
(2×2)
(5×5)

Avg. Z-Height
(nm)
97.280
166.730
78.747
177.705
118.301
204.462
62.263
211.327
101.819
50.404
116.914

Rq
(nm)
28.62
35.01
21.40
41.56
29.86
50.28
16.52
54.32
24.88
13.46
27.80

Ra
(nm)
25.24
27.72
18.20
33.08
24.81
41.92
14.23
45.20
20.56
11.43
22.79

Rz
(nm)
75.31
116.48
68.14
138.95
79.66
161.52
52.49
156.68
75.31
42.41
90.79

Figure 4.2.5C – 4.2.5D are the same surface areas as Figure 4.2.5A – 4.2.5B, differing only
by being filtered through a high pass sharpening method with a 3 – 7 kernel size. Just as with
Figure 4.2.5A – 4.2.5B, these images are at the 2 and 5 micron scale, respectively. Filtering is
performed so to more easily identify and mark grain boundaries as seen in Figure 4.2.5E – 4.2.5F,
which then allowed analysis of different minimum, maximum, and average grain lengths and areas
listed in Table 4.2.3.
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Table 4.2.3: Perovskite Grain Lengths and Areas from Atomic Force Microscopy
Sample ID

Annealing

AI

100°C 60 min

AII

100°C 80 min

AIII

100°C 100 min

CI

140°C 60 min

CII

140°C 80 min

CIII

140°C 100 min

Scan area
(µm2)
(2×2)
(5×5)(1)
(2×2)
(5×5)(1)
(2×2)
(5×5)(1)
(2×2)
(5×5)(1)
(2×2)
(5×5)(1)
(2×2)
(5×5)(1)

Grain Length
(µm)
Min.
Max.
Avg.
0.146
0.310
0.197
0.280
0.610
0.419
0.200
0.505
0.281
0.284
0.613
0.484
0.125
0.273
0.203
0.262
0.441
0.341
0.167
0.536
0.339
0.211
0.618
0.387
0.445
0.862
0.588
0.064
0.804
0.412
0.365
1.075
0.572

Min.
0.009
0.043
0.009
0.045
0.005
0.025
0.012
0.025
0.052
0.001
0.033

Grain Area
(µm2)
Max.
0.023
0.138
0.066
0.145
0.033
0.077
0.056
0.131
0.114
0.232
0.173

Avg.
0.015
0.073
0.024
0.106
0.021
0.046
0.032
0.073
0.095
0.054
0.090

(1)

Note: many regions defined as grains by XEI analysis software are actually compact groupings
of grains. Lengths and areas are therefore representative of these grain collections.

It should be noted that closely observing the original surface image in Figure 4.2.5B shows
that many of the well-defined grains in Figure 4.2.5F are actually a compact collection of smaller
grains. Therefore, grain analysis performed on images of the 5 micron scale provide length and
areas of compact groups of grains. Fortunately, analysis performed at the 2 micron scale provided
measurements that are respective of singular perovskite grains. Both average grain length and area
were determined by taking the mean length and area of ten individually measured grains per
sample. Singular grain lengths were measured to range from as small as 0.064, 0.125, and 0.164
µm, to as large as 0.505, 0.536, and 0.804 µm. Areas were measured to range in values between
0.001 – 0.232 µm2. As provided from SEM characterization results, an increase in average grain
length and area is observed with both increasing annealing temperature and duration. Sample A I
is noted to have the lowest values of average grain length and area – 0.197 µm and 0.015 µm2,
respectively. On the other hand, sample CIII has the largest measured grain length and area,
measuring at 0.412 µm and 0.054 µm2.
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4.3 X-Ray Photoelectron Spectroscopy (XPS)
For perovskite samples annealed at 140°C, XPS was performed to both study their elemental
composition and to help determine if different annealing processes has an effect on possible
oxidation and other charge accumulation within separate element atoms of the material. Figure
4.3.1 are wide scans of incident X-ray energies and resulting photoelectrons that originate from
elements that compose the perovskite samples. Included in the survey scan are photoelectrons
originating from several iodine (I2), lead (Pb), and cesium (Cs) subshells, and a couple of bromine
(Br) subshells. Also noted is the presence of nitrogen (N2) and carbon (C) 1s subshells, which are
all mostly present due to the formamidinium (FA) organic compound that partially makes up the
A-site of the perovskite. Oxygen (O2) is likely also present due to oxidation as a result of ambient
humidity.

(A)
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(B)

(C)
Figure 4.3.1: XPS wide scan plot of emitted photoelectrons at respective binding energies.
Perovskite samples are annealed at 140°C for A) 60 min, B) 80 min, and C) 100 min.

High resolution (HR) scans are performed on the Pb 4f7/2, I 3d5/2, and Cs 3d5/2 spin orbit
peaks, and the Br 3d spin orbit doublet. These four element peaks are analyzed for identifying
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other possible compounds that may be present in the perovskite material. Figure 4.3.2 are the
collected photoelectron intensity plots over energy ranges respective to specific element spin-orbit
peaks. Figure 4.3.2A – 4.3.2C are plots for Pb 4f7/2 peaks from individual perovskite samples CI,
CII, and CIII, respectively. Similarly, Figure 4.3.2D – 4.3.2F are plots for the I 3d5/2 spin-orbit peaks
from the different samples. Figure 4.3.2G – 4.3.2I show the measured peaks from the Br 3d spinorbit doublet, and Figure 4.3.2J – 4.3.2L are the peaks from the Cs 3d5/2 spin-orbit. Table 4.3.1
lists the measured peaks of these elements and other existing compounds, and lists how offset these
peaks are from their expected binding energies.

Table 4.3.1: Element and Component Binding Energies from X-Ray Photoelectron
Spectroscopy(1)
Sample ID

CI

CII

CIII

Annealing

Spin-Orbit
Peak

Measured
Peak
(eV)

Offset
(eV)

Pb 4f7/2

138.7

+ 1.9

I 3d5/2

619.6

- 0.6

Cs 3d5/2(2)

725.8

- 0.2

Br 3d
doublet(3)

68.9

- 0.1

Pb 4f7/2

138.5

+ 1.7

I 3d5/2

619.5

- 0.7

Cs 3d5/2(2)

725.0

- 1.0

Br 3d
doublet(3)

68.8

- 0.2

Pb 4f7/2

138.6

+ 1.8

I 3d5/2

619.5

- 0.7

Cs 3d5/2(2)

725.2

- 0.8

Br 3d
doublet(3)

68.9

-0.1

140°C 60 min

140°C 80 min

140°C 100 min

(1)

Component
ID
PbI2
Pb(NO3)
PbI2
I2
Cs
Plasmon
PbBr2
Br 3d 3/2
PbI2
Pb(NO3)
PbI2
I2
CsOH
Plasmon
PbBr2
Br 3d 3/2
PbI2
Pb(NO3)
PbI2
I2
CsOH
Plasmon
PbBr2
Br 3d 3/2

Measured
Peak
(eV)
138.5
139.1
619.6
620.4
725.8
730.0
68.6
69.5
138.4
139.0
619.5
620.3
725.0
729.4
68.4
69.4
138.5
139.1
619.5
620.4
725.1
729.5
68.6
69.5

Offset
(eV)
0.0
+ 0.1
+ 0.1
+ 0.2
- 0.2
~ 0.0
- 0.1
- 0.5
- 0.1
- 0.2
0.0
+ 0.1
+ 0.5
~ - 0.6
- 0.3
- 0.6
0.0
- 0.1
0.0
+ 0.2
+ 0.6
~ - 0.5
- 0.1
- 0.5

Expected binding energies are from reference [25]
Expected binding energy of only Cs 3d5/2 spin-orbit peak is from reference [26]
(3)
Expected binding energies from both Br 3d doublet and components are from reference [26]
(2)
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(A)

(B)

(C)

36

(D)

(E)

(F)

37

(G)

(H)

(I)

38

(J)

(K)

39

(L)
Figure 4.3.2: High resolution XPS scans in energy ranges respective to specified element spinorbit peaks. All perovskite samples annealed at 140°C. Pb 4f7/2 at annealing duration of A) 60
min, B) 80 min, and C) 100 min. I 3d5/2 at annealing duration of D) 60 min, E) 80 min, and F)
100 min. Br 3d spin-orbit doublet at annealing duration of G) 60 min, H) 80 min, and I) 100 min.
Cs 3d5/2 at annealing duration of J) 60 min, K) 80 min, and L) 100 min.

Although offset by at least +1.8 eV from its characteristic binding energy, peaks of Pb 4f7/2
do not greatly vary between different samples. This binding energy offset may be attributed to the
expected lead iodide (PbI2) peak, which is characteristic at 138.5 eV. PbI2 can also be the reason
why the I 3d5/2 spin-orbit peaks from all samples is located at approximately 619.5 eV, which is
offset by -0.7 from its characteristic binding energy, 620.2 eV. There is a relatively consistent
alignment with expected binding energy when observing the Br 3d doublet HR scans, with an
offset of about -0.1 eV. As shown in Figure 4.3.2G – 4.3.2I, HR scans resulted in a single major
peak instead of two individual spin-orbit peaks, including that of the Br 3d3/2 spin-orbit. Therefore,
the maximum point of the peak is assumed to be that of the Br 3d5/2 spin-orbit, and that one of the
components that exists within the major peak is actually that of the Br 3d3/2 spin-orbit. It is
recommended that this approach should be revised in future experimentation, as the difference
between the assumed Br 3d spin-orbit peaks is only 0.5 eV, however this difference really should
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be ~1.0 eV. The largest notable difference in photoelectron intensity is in comparing the major
peak location in Figure 4.3.2J with those from Figure 4.3.2K – 4.3.2L. Two of these peaks,
corresponding with perovskite samples CII and CIII, are located at ~725.0 eV, with a main
component peak identified as cesium hydroxide (CsOH). When measuring sample CI, however,
the major peak is measured at ~725.8 eV, in which the main component is identified as natural Cs.
In comparison to the other CsOH components, this purely-Cs component is aligned closest to
where the Cs 3d5/2 spin-orbit peak is documented to be characteristic: 726.0 eV.
When accounting for as many elements as possible that compose the FAxCs1-xPb(IyBr1-y)3
perovskite samples, material composition percentages, and thus atomic ratios between Pb and I2,
Pb and Cs, and finally I2 and Br were calculated. According to the perovskite that is used in this
thesis, it is expected that there be a 5:1 ratio between Pb and Cs, a slightly less than 3:1 ratio
between I2 and Pb, and finally an approximate 6:1 ratio between I2 and Br. It must be noted that
elemental ratio calculations are analyzed only with respect to the element spin-orbit peaks in the
aforementioned high-resolution scans: Pb 4f7/2, Cs 3d5/2, I 3d5/2, and the Br 3d doublet. Fortunately,
there is general consistency in atomic quantity for most of these elements in all three different
perovskite samples. At least 38.6% of all the perovskite samples is composed of I2, at least 16.5%
is consistent of Pb, and at least 3.3% is made of Cs, and at least 4.2% is made of the Br 3d doublet.
Respective I:Pb ratios for perovskite samples CI, CII, and CIII are calculated to be 2.4:1, 2.3:1, and
2.2:1, which are expectedly less than the 3.0 I:Pb ratio that would result from a FAxCs1-xPbI3
perovskite. Similar calculations for Pb:Cs ratios resulted in ~5:1 for all three different perovskite
samples. Calculations for the different respective I2:Br ratios for samples CI, CII, and CIII results
in: 9.3:1, 9:1, and 9.2:1, which are all consistently beyond the estimated 6.0 I:Br ratio.

41

4.4 Quick X-Ray Absorption and Scattering (QAS)
To continue perovskite material characterization, core-level analysis is performed by using the 7BM QAS beamline at Brookhaven National Laboratory’s National Synchrotron Light Source II
(NSLS-II) facility. In specific, 7-BM was used to perform X-ray absorption spectroscopy (XAS)
testing of perovskite samples AI, AII, and AIII, which were respectively annealed at 100°C for 60,
80, and 100 min., and samples CI, CII, and CIII, all annealed at 140°C for the same time durations.
Figure 4.4.1A – 4.4.1B are normalized X-ray absorption intensity plots of the L3-edge of Pb and
the K-edge of Br, respectively. The absorption intensities of all individually measured samples are
superimposed on these plots for visual comparison. An overall observation of both X-ray
absorption near-edge spectroscopy (XANES) and extended X-ray absorption fine structure
(EXAFS) can be obtained from both of these figures. Figure 4.4.1C – 4.4.1D are zoomed-in plots
of the L3- and K-edge intensities of Pb and Br, respectively, so to make any observations relating
to possible pre- and near-edge, edge, and white line occurrences. Figure 4.4.1E is another
collection of zoomed-in, superimposed XAS plots specifically for Br K-edge observation.
However, the incident X-ray energy range is fixed at values that allow closer EXAFS observations
of Br.
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(A)

(B)
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(C)

(D)

44

(E)
Figure 4.4.1: Plots of XAS experimentation of varying perovskite samples. Full range XAS of A)
Pb L3-edge and B) Br K-edge. Zoomed-in general XANES observations of C) Pb L3-edge and
D) Br K-edge. E) Zoomed-in general EXAFS observations of Br K-edge.

Based on Figure 4.4.1A and 4.4.1C, the L3-edge of Pb isn’t shown to shift across the energy
axis between any of the individual perovskite samples. All edges occur at ~13030 eV, which is
offset from the characteristic L3 binding energy by -5.0 eV. In addition, any pre-edge oscillations
that are observed can be noted as very minimal. Similar to behavior observed at the L3-edge, nearedge oscillations measured from all perovskite samples do not appear to shift, and oscillate
similarly in both amplitude and frequency. Unlike what is observed in the Br measurements, nearedge Pb oscillations do not extend to energy values much greater from the L3-edge. General
EXAFS observations show that there is no oscillating activity occurring in an extended energy
region far from the Pb L3-edge.
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Figure 4.4.1B and 4.4.1D also show that the Br K-edges from all measured perovskite
samples don’t shift in the incident energy axis. All edges occur at ~13460 eV, which is
approximately offset by -10.0 eV from the expected binding energy of the K-edge. This larger
offset in binding energy is possibly due to the presence of PbBr2, as listed in Table 4.3.1, in all
perovskite samples. Although more observable than in Pb L3-edge measurements, pre-edge
activity can still be considered minimal. However, the presence of PbBr2 can potentially also be
credited for this pre-edge activity, since this region in XAS is closely related to the metal oxidation
states and their behavior with surrounding elements. Near-edge activity is also more prominent
and extended than with Pb L3-edge measurements. Just as observed with the Pb L3-edge, the
oscillation amplitude and frequency located at the near-edge region of Br K-edge are aligned
between all perovskite samples. In addition, at the energy region even further from the Br K-edge,
14040+ eV, there is additional activity that occurs in all perovskite samples. EXAFS can link this
activity with how backscattering waves interfere with those from photoelectrons originating from
core-levels, and how this interference can constructively or destructively affect an element’s
absorption coefficient. Because oscillation in this extended region is also aligned between all
perovskite samples, it can be determined that the absorption coefficient of each sample’s corelevel electrons are affected beginning at the same incident X-ray energy. Therefore, no shifting or
misalignment along the energy axis generally determines that at this higher range of X-ray
energies, the absorption coefficient of Br atoms do not behave differently between the varying
perovskite samples.
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5. SUMMARY AND CONCLUSION

Samples of thin-film perovskite annealed at varying times and temperatures were characterized
via the Hall effect, SEM imaging, AFM imaging and analysis, XPS, and XAS. These
characterization methods allow the observation of whether or not changes in the annealing process
affects a range of material properties. This work focused on material properties including electrical
resistivity, surface structure at the micro- and nanoscopic scale, shallow material elemental
composition, and core-level wavelength absorption.
In order to obtain accurate measurements of material resistivity, results were required to
converge to consistent values at the order of magnitude. It was discussed that this convergence
was reached at applied currents of at least 1 mA. At currents of 5 mA, resistivities of the perovskite
samples ranged slightly between 2.05 × 10-4 – 2.20 × 10-4 Ω·cm. Because of the slightly varied
values of measured resistivity, and there not appearing to be a correlation between particular
perovskite sample and measured resistivity, it is determined that this electrical property is not
greatly affected by the different annealing processes described in this work. Future work is to be
done in order to compare documented Hall-method resistivities for similarly structured perovskite.
From SEM imaging, it is seen that average perovskite grain size varied between differently
annealed samples. When annealed for shorter times and at lower temperatures, as is the case with
perovskite sample AI, the average length of majority of grains was calculated to be 0.275 microns.
Minority of grains were larger with average lengths of 0.6 microns. In general, perovskite grains
increase in length in the samples annealed at higher temperatures and for longer durations. Samples
annealed at 140°C for 100 min had majority of grains measuring with the longest average length
of 0.73 microns. Additionally, it is seen that grain formation and patterning changes with respect
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to annealing process. Formations observed include general uniformity in grain size and growth,
and in some cases, amorphous structuring. AFM characterization showed a similar relationship
between grain size and different annealing processes. In addition, this work determines that surface
roughness decreases with both annealing time and temperature. This decrease in roughness is
important in future layering of perovskite thin-film as it allows more optimally planar stacking of
multiple materials. This certainly lessens any possible shorting and other material interfacial
occurrences that negatively affect incident wavelength absorption and conversion. XPS
characterization on samples annealed at 140°C shows that varying times of annealing doesn’t vary
perovskite composition entirely. Majority of observed spin-orbit peaks and their measured
potential components, although offset from their expected binding energies, were observed to
occur at consistent energies in comparison to other samples. However, repeated and more focused
XPS experimentation is recommended, as the sample annealed for 60 min resulted in a Cs 3d5/2
spin-orbit peak that exhibited the presence of only Cs atoms. This is unlike samples annealed at
80 and 100 min, from which a presence of CsOH, and thus a larger peak offset from the expected
Cs binding energy, is exhibited. Future work includes a deeper XPS analysis on measured C 1s
and O2 1s binding peaks so to determine if any resulting compounds are related to the
aforementioned difference between Cs 3d5/2 spin-orbit peaks. Finally, XAS shows that deep-level
Br and Pb atoms do not vary in their respective K- / L3-edge excitation because of a changing
annealing process. In addition, pre- / near-edge activity of both of these elements doesn’t vary in
oscillation frequency nor amplitude between differently annealed samples. This helps determine
that changes in oxidation state of these elements does not occur between different annealing
temperatures nor times. Further analysis of XANES and EXAFS is to be performed, the latter in
the case of observing the Br K-edge energy region, will be performed in order to further analyze
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the atomic spacing and structure of deep-level Br and Pb atoms. As mentioned with XPS
observations, it also recommended that further XAS characterization be performed for other
atomic edges, particularly I2 and Cs atoms, so to similarly analyze the remainder of the FAxCs1xPb(IyBr1-y)3

perovskite material.
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